This paper describes the assimilation mechanism of Mn-Al compacts in liquid Mg, utilizing procedures that have been employed successfully in studying assimilation mechanisms in other liquid metals. Two critical steps were identified in the assimilation process: (1) melting of some Mn-Al reaction products and (2) mass transfer of phases with the high Mn content from the reaction sites into the Mg bath. The assimilation process was divided into three stages: incubation stage, intermetallic reaction stage, and homogenization stage. Compact swelling was observed during the intermetallic reaction stage. Yet, contrary to the currently-held prevalent view, it was determined that compact swelling was not due primarily to the formation of new intermetallic phases. Rather, swelling is due to the existence of a large amount of porosity initially in the compact which becomes greatly augmented with the large heat released during the Mn-Al exothermic intermetallic reactions.
Introduction
The assimilation process of metallic additions in liquid metals can be divided into two types. The first type, designated as melting, is applicable to additions which have a melting range below the liquid metal temperature. Such additions are said to follow the ''melting route''. The second type of assimilation can be termed ''dissolution'', and is pertinent to additions which have a melting range above the liquid metal temperature. These additions are said to pursue the ''dissolution route''. The usefulness of this classification of assimilation routes as melting or dissolution has been demonstrated in other liquid metals such as steel 1) and Al. 2) In general, the ''melting route'' is much faster than the ''dissolution route''. 1, 2) Mn-Al compact additions have been a common and popular alloying practice in the aluminum industry. [3] [4] [5] [6] This practice takes advantage of the Mn-Al exothermic reactions, which are triggered during the course of assimilation. When these additions are used in Al processing, they exhibit not only a high Mn assimilation rate but also consistently high recoveries. Many investigations [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] have contributed to our understanding of the assimilation process of Mn-Al powder compacts in liquid Al.
However, very little research work has been conducted in the assimilation of Mn-Al compacts in liquid Mg, at least partially due to the difficulties in working with liquid Mg. Over the past several years, the present authors have begun to examine exothermicity and recovery issues with respect to the assimilation of Mn-Al compacts in liquid Mg. [15] [16] [17] The present work expands on this body of knowledge, and advances our understanding about the assimilation mechanism that is involved with Mn-Al compacts in liquid Mg.
Experimental Work
Cylindrical compact specimens were manufactured with two-plunger dies under 275 MPa and 5-minute pressure holding time. The screen analysis of the metal powders is listed in Table 1 . Two sizes of compact were made: the small compact (È19:05 mm Â 75 mm) and the large compact (È38:1 mm Â 75 mm). This was deemed important in order to get a more thorough understanding of the swelling that will take place. In addition, different Mn-Al compositions were used in the compact specimens, to study the impact (if any) of various compositions. Figure 1 illustrates the schematics for the small and large diameter compacts. A hole, 2.4 mm in diameter and 50 mm in length, was drilled along the compact centerline. At the bottom of this centerline hole, a K-type sheathed thermocouple was inserted to monitor the temperature history of the compact centerline during the immersion tests. The detailed information on the procedures for manufacturing the compacts is reported in references. 15, 16) Two sets of experiments were conducted. The first set involved immersion of Mn-Al compacts into liquid Mg. The experimental set-up and operation procedure have been reported in detail elsewhere. 15) First, 30 mass%Mn70 mass%Al compacts were immersed into 750 C liquid Mg for a short period of time (i.e. 30 s) and then withdrawn from the Mg bath. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDX) analyses were carried out on part of each compact to identify the phases formed during the early stages of Mn-Al intermetallic reactions in the compact. Subsequently, the identical process was repeated, allowing the compacts to remain in the Mg bath for 120 s. These latter experiments were conducted to infer the assimilation mechanism of Mn-Al compacts in liquid Mg.
The second set of experiments involved inert heating (i.e. argon) of Mn-Al compacts, with different Mn-Al compositions. These experiments were designed to determine the final Mn-Al intermetallic reaction products in the compact without involvement of the external liquid Mg. Figure 2 depicts schematically the furnace used for this second set of experiments. The furnace utilized two chambers, in which Ar was flushed. The cylindrical compact was heated in the lower chamber, Chamber B. Following this, small samples were taken to perform SEM and EDX analyses. In addition, this set of experiments was also used to measure the volume of the compacts after the exothermic intermetallic reactions had taken place, coinciding with compact swelling. It was important to determine the volume of the portion of the compact that underwent swelling. Given that the swelling is not perfectly uniform, the volume was estimated in a piecemeal manner. Specifically, the portion of the specimen that underwent swelling was divided into smaller portions with uniform swelling, and the volume of each of these portions was estimated. The sum of these portions constituted the compact's estimated volume. Figure 3 (a) shows the backscatter electron image of a section close to the center of a 30 mass%Mn70 mass%Al compact after a 30 s immersion into 750 C Mg bath. Figure 3(b) shows the magnification of area 1 of Fig. 3 . The corresponding results of energy dispersive X-ray analysis are listed in Table 2 . The microstructures shown in Fig. 3 are prevalent in the entire sample section. Although considerable primary Mn is apparent, the development of intermetallic compounds is illustrated. This fact indicates that the intermetallic reactions have already been initiated, which led to the formation of Mn-Al intermetallic compounds around the Mn particles. The free aluminum can still be found at this time. It is worthwhile to note that the phase compositions shown in Table 2 deviated from the equilibrium counterparts, i.e., these phases were in a non-stoichiometric range compared to the equilibrium compositions. From these results, it can be deduced that the intermetallic reactions that Step 1: As long as the liquefied Al from the compact comes in contact with the Mn particle in the Mn-Al compact, the following two reactions are initiated.
Results and Discussion

Assimilation mechanism of Mn-Al compacts in liquid Mg
(Al side) Mn þ Al ! Liquid solution of Mn in Al ð1aÞ
The first reaction products at the interface of pure solid Mn and pure liquid Al are expected to be a liquid solution of Mn in Al at the Al side, and Mn at the Mn side. Figure 3( Step 2: Along with the diffusion of Mn and Al atoms across the intermetallic layers toward the liquid Al and solid Mn, the following intermetallic reactions may have taken place in succession.
So, a full series of Mn-Al phases, Mn, Mn, Al 8 Mn 5 , Al 11 Mn 4 , Al 4 Mn, Al 6 Mn and Al, exist between the Mn particle and liquid Al. This situation can be seen in Fig. 3 (b).
Step 3: After step 2, further intermetallic reactions depend upon specific reaction circumstances. Under the condition of Al deficiency, the intermetallic phases will be formed according to the following reactions. In such a case, the final reaction products will be the phases with a high Mn content.
Al þ Mn ! Al 6 Mn ð3aÞ
Correspondingly, Equations (4) describe the intermetallic reactions procedure under the condition of Al surplus. In such a case, the final reaction products will be the liquid solution of Mn in Al. All the Mn can be assimilated.
of Mn in Al ð4fÞ
Figures 4 to 6 demonstrate the typical backscattered electron images Mn-Al powder compacts of different compositions heated in a 750 C argon protective atmosphere. The corresponding energy dispersive X-ray analysis data are listed in Tables 3 to 5 . It should be pointed out that the post-reacted compacts were cooled down to ambient temperature under the argon protection, and the phases witnessed in the compacts are the final reaction products. Again, from these backscattered electron images, some primary Mn particles can be seen, and a series of Mn-Al intermetallic compound layers encase the Mn particle cores. These phenomena indicate that the intermetallic reactions occurring under such conditions are not complete reactions. Therefore, the initial atomic ratio of Al to Mn in the compact is not responsible for the final reaction products. Table 6 tabulates the atomic ratio of Al to Mn in various Mn-Al compact compositions. As can be seen, the maximum atomic ratio is 4.75, in the case of a 30 mass%Mn70 mass%Al compact. This means that the intermetallic reactions in the compacts studied proceeded under the condition of Al deficiency even in the relatively Al-rich 30 mass%Mn70 mass%Al compact. Therefore, the final reaction products might be a small or large part of the reaction products that appeared in Equations (3) depending upon the amount of Al in the compact. The energy dispersive X-ray analysis confirmed our judgment. From Tables 3 to 5 , when the Mn-Al powder compacts were heated in a 750 C argon protective environment, the final reaction products for a 30 mass%Mn70 mass%Al compact included Mn, Mn, Al 8 Mn 5 , Al 11 Mn 4 , Al 4 Mn, and Al 6 Mn since there is a relatively large Al content in a 30 mass%Mn70 mass%Al compact, which can be seen in Fig. 4 and . This is the situation for the 50 mass%Mn50 mass%Al, the 60 mass%Mn40 mass%Al, and the 75 mass%Mn25 mass%Al compacts. The results for the 50 mass%Mn50 mass%Al compact can be found in Fig. 6 and Table 5 . In a typical Mg bath temperature of 750 C, the phase Al 6 Mn (704.85 C) and Al solution are liquid. As such, they certainly can be assimilated into liquid Mg rapidly. On the other hand, the reaction products such as Al 11 Mn 4 (989.25 C) and Al 4 Mn, (919.95 C) have lower melting points compared to elemental Mn. Taking the reaction heat released from the Mn-Al exothermic reactions into account, the intermetallic compounds Al 11 Mn 4 and Al 4 Mn also have the potential to be in liquid phase. That means that they might be melted into liquid Mg. Melting part of the Mn-Al reaction products becomes a route to assimilate the Mn-Al powder compact into the liquid Mg. Figure 7 shows the temperature history of a 50 mass%Mn50 mass%Al small compact immersed in an Ar protected furnace chamber at 750 C. Line 1 of Fig. 7 corresponds to the temperature history of the Ar protected furnace chamber. During the time period represented by segment AB of Line 1, the compact specimen was held in Chamber A of the heating furnace shown in Fig. 2 . Upon introducing the compact into Chamber B, a small drop in temperature was recorded, indicated by segment BCD. The heat absorbed by the relatively cool compact specimen is responsible for this small temperature drop. Segment DE indicates some modest heating of Chamber B. This was due to the fact that during this time period, the exothermic intermetallic reactions were triggered and the released heat increased the temperature of the Ar protected heating chamber. The subsequent segment, EF, of Line 1 indicates a gradual drop of the temperature in the heating chamber. Line 2 of Fig. 7 corresponds to the compact's centerline temperature. Segment GH of Line 2 indicates part of the time period the compact specimen was held in the Ar protected Chamber A, which was not heated. The slight increase in the centerline temperature, GH, was due to the convection and radiation heat transferred to the compact from the heated Chamber B. Upon immersion of the compact into Chamber B, a rapid increase in the centerline temperature was registered, as seen in segment HI of Line 2. Segment IK corresponds to the melting of the Al powder in the compact. The subsequent triggering of exothermic intermetallic reactions was responsible for the abrupt increase in the centerline compact temperature, represented by the segment KL of Line 2. The localized nature of exothermicity involved can be seen from the different maximum temperatures recorded, as indicated by point E (Line 1) and point L (Line 2). This difference in the maximum temperatures (points E and L), was approximately 150 C. It can be seen that during the period of the compact cooling, indicated by segment LMNO, there is a plateau, segment MN, at about 880 C of the compact centerline temperature. It is obvious that this plateau corresponds to a liquid-solid phase transformation. This implies that a particular phase within the reaction products was melted by the energy released from the Mn-Al exothermic reactions in the compact. Subsequently, this phase solidified, as indicated by segment MN. The phase which is responsible for the liquid-solid transformation plateau shown in Fig. 7 is considered to be Al 4 Mn. The difference between the plateau temperature and the melting point of Al 4 Mn might be due to the deviation from the equilibrium phase composition. Figure 8 displays an entire cross section of a 30 mass%Mn70 mass%Al compact withdrawn from a 750 C Mg bath after 120 s of immersion. Two types of zones can be distinguished from this figure: a clear zone (outer surface) and blurred zone (center/inner part). Figure 9 shows a typical zone, which crosses the clear zone and the blurred zone. The phase identification was conducted in this zone and the EDX results are listed in Table 7 . Area 1 in Fig. 9 is located in the blurred zone, while Area 2 is located in the clear zone. The EDX results for Area 1 (blurred zone) indicate that the intermetallic compound layers still contain Al 4 Mn, which has a relatively low melting point. In addition, the Mg concentrations at the matrix points (points 1-4, 1-5, and 1-6) are relatively low, but Mn and Al concentrations are 
Compact swelling
During the immersion of compacts into liquid Mg, when the intermetallic reactions were triggered, compact swelling was observed. 15, 16) Figure 10 displays a 60 mass%Mn40 mass%Al compact prior to and post commencement of the exothermic reactions, where the swelling phenomenon is clearly seen. Compact swelling has been reported to take place during assimilation in liquid Al, advancing primarily two different explanations. In the investigation by Perry, 7) the initial pretest briquette densities of 75 mass%Mn25 mass%Al powder compacts were 4.45 g/cm 3 to 4.5 g/cm 3 . After removal from the furnace, the densities dropped to an average 2.24 g/cm 3 . The observed expansion was attributed to the formation of low density Mn-Al intermetallic compounds and/or the generation of porosity. Shafyei and Guthrie 10) also observed swelling of a 75 mass%Mn25 mass%Al briquette during immersion. The lower density of Mn-Al intermetallic compounds, the Kirkendall effect and the capillary effect were the reasons proposed for the swelling. The low densities of MnAl intermetallic compounds were regarded as an important point for the compact swelling in both of these studies.
Only for about half of the intermetallic compounds of the Mn-Al system are experimentally-derived density data available in the literature. For the other compounds, their density has been estimated through calculations. Table 8 lists the experimental and calculated data available in the literature for the densities and crystal structures of intermetallic compounds in Al-Mn system. Density values that are underlined were calculated by the present authors from known crystal structure data, according to the following expression:
Where n C Number of atoms associated with each unit cell; A Atomic weight; V C Volume of the unit cell; N A Avogadro's number (6:023 Â 10 23 atoms/mol). As seen from Table 8 , there is good agreement between experimentally determined and calculated intermetallic compound density values. The Assimilation Mechanism of Mn-Al Compacts in Liquid Mg Figure 11 shows the measured compact densities before and after the intermetallic reaction in a 750 C argon protective environment, as well as the estimated densities of the Mn-Al intermetallic compounds listed in Table 8 . The densities of the Mn-Al compacts before and after reaction are listed in Table 9 . From Fig. 11 , it is obvious that the measured densities of the small and large compacts are decreased dramatically post-reaction compared to prereaction. The calculated densities for the Mn-Al intermetallic compounds which exist in the compact after intermetallic reactions are 3.31 g/cm 3 for Al 7) with respect to the measured density of the compact with a composition 75 mass%Mn25 mass%Al. As seen from Table 9 , the measured density of this compact composition, as reported in the current study, was 4.53 g/cm 3 prior to the reaction, which is very close to the range of 4.45 g/cm 3 to 4.5 g/cm 3 reported in the Perry study. 7) However, the densities measured for the specimen after the reaction were 1.66 g/cm 3 in the current study and 2.24 g/cm 3 reported by Perry. 7) The difference between these post-reaction results can potentially be attributed to the following factors:
(a) Size of the compact (b) Furnace temperature (c) Heating rate of the specimen (d) Particle size distribution of metal powders used
It should be pointed out that the above factors would mainly impact the post-reaction results. Examination of Fig. 11 indicates that the post-reaction densities of all compact compositions are lower than any of the intermetallic densities. By way of illustration, one can compare the compact compositions at the two anchor points. First, in the case of the 75 mass%Mn25 mass%Al compact, its post-reaction density (as seen in Fig. 11 ), is below 2 g/cm 3 , any intermetallic that may be formed has a density much higher (around 3 g/cm 3 ). By the same token, examining the compact with the lowest Mn content, 30 mass%Mn70 mass%Al, its post-reaction density is again lower than that of any intermetallic that may be formed. The formation of intermetallics is inevitable; however, their densities are consistently higher than the measured postreaction densities of the compacts. It follows, therefore, that the compacts' post-reaction densities are not influenced primarily by the density of the newly formed intermetallics, but rather by the initial porosity of the compact. The compact with the highest initial porosity 75 mass%Mn25 mass%Al (see Table 9 , last column) has the lowest post-reaction density (see Fig. 11 ). As is known, it is inevitable that some residual gas exists in the tiny holes before the reactions. When the Mn-Al exothermic reactions are triggered in the compact, the great heat released causes an abrupt expansion of such residual gas, which brings a significant increase in the compact's porosity. From the compact microstructures after the reactions shown in Fig. 12 , it can be seen that a large quantity of porosity existed, denoted by the black area in these figures.
In light of the above analysis, it can be concluded that the formation of new intermetallic phases is just a minor reason for the compact swelling phenomenon. The principle reason for the compact swelling seems to be the existence of a large amount of initial porosity inside the compact.
Stages of assimilation of Mn-Al compacts into liquid
Mg The assimilation process is divided into three stages: incubation stage, intermetallic reaction stage, and homogenization stage.
Incubation stage
When a Mn-Al metal powder compact is first immersed into liquid Mg, the relatively low temperature of the compact leads to the formation of a magnesium shell surrounding the compact. Its thickness is dependent upon the superheat of the Mg bath and the effective thermal conductivity of the compact. The widely different temperatures of the bath and the compact produce a strong heat flux into the compact. As the heat passes through the magnesium shell, it gradually melts back until the outside surface of the compact is exposed to the liquid Mg. During this period, the compact accumulates enough heat energy to increase the temperature of the aluminum particles existing in the compact/bath interface to the melting point of Al (660 C), and finally melts them.
Intermetallic reaction stage
Once the Al particles in the Mn-Al compact have melted, the liquid Al can be transported to the solid Mn sites by a capillary action. Then, a series of exothermic intermetallic reactions between the Mn particles and liquid Al in the compact are triggered in a liquid-solid reaction mode to form various Mn-Al intermetallic compounds. These intermetallic reactions are exothermic in nature. The result is an abrupt localized temperature increase. The heat released from such intermetallic reactions, combined with the continued inward heat flux from the Mg bath, is sufficient to increase the temperature of the aluminum particles in the compact interior, triggering again the exothermic reactions there. In such a step-wise manner, the Mn-Al liquid-solid reactions proceed along an inward moving reaction front. In a short period of time, such exothermic reactions are initiated throughout the Mn-Al compact. The heat released raises the temperature of the Mn-Al compact above the Mg bath temperature. The intermetallic reaction leads to the formation of several layers of intermetallic compounds around the Mn particles. This series of Mn-Al phases includes all the phases that exist in the binary Mn-Al phase with the compositions deviating from their equilibrium counterparts. The encased Mn particles are separated from each other by the intermetallic compounds. Once the exothermic reactions take place, the Mn-Al compact volume increases. This makes the compact structure loose and porous. Despite the sponge-like structure, the compact maintains its rigidity and integrity. Such a porous structure promotes the transport of liquid Mg from the bath to the reaction sites.
Homogenization stage
The reaction heat released from the Mn-Al exothermic reactions melts part of the Mn-Al reaction products. With the flow of liquid Mg in the Mn-Al compact, which has a loose and porous structure, the liquid solution of Mn in Al is brought to the entire Mg bath. The proper mixing of the Mg bath significantly accelerates the assimilation process.
Conclusions
The assimilation mechanism of Mn-Al compacts in liquid Mg has been extensively examined. Two critical steps are involved in the assimilation process: melting of some Mn-Al reaction products and mass transfer (i.e. dissolution) of the high Mn content from the reaction sites to the Mg bath. Three assimilation stages of the Mn-Al powder compacts into liquid Mg have been proposed: the incubation stage, intermetallic reaction stage, and homogenization stage. In tandem with the intermetallic reaction stage, compact swelling was observed. Scientific thought up to now had postulated that compact swelling was the result of the formation of intermetallic reaction products. The current study, however, has thrown new light into this view. The formation of intermetallic phases plays but a minor role in compact swelling. A far more compelling reason for compact swelling is the existence of initial porosity in the compact-and this porosity increases during the intermetallic reaction stage.
